There are strong indications that the process of conversion of a neutron star into a strange quark star proceeds as a strong deflagration implying that in a few milliseconds almost the whole star is converted. Starting from the three-dimensional hydrodynamic simulations of the combustion process which provide the temperature profiles inside the newly born strange star, we calculate for the first time the neutrino signal that is to be expected if such a conversion process takes place. The neutrino emission is characterized by a luminosity and a duration that is typical for the signal expected from protoneutron stars and represents therefore a powerful source of neutrinos which could be possibly directly detected in case of events occurring close to our Galaxy. We discuss moreover possible connections between the birth of strange stars and explosive phenomena such as supernovae and gamma-ray-bursts.
There are strong indications that the process of conversion of a neutron star into a strange quark star proceeds as a strong deflagration implying that in a few milliseconds almost the whole star is converted. Starting from the three-dimensional hydrodynamic simulations of the combustion process which provide the temperature profiles inside the newly born strange star, we calculate for the first time the neutrino signal that is to be expected if such a conversion process takes place. The neutrino emission is characterized by a luminosity and a duration that is typical for the signal expected from protoneutron stars and represents therefore a powerful source of neutrinos which could be possibly directly detected in case of events occurring close to our Galaxy. We discuss moreover possible connections between the birth of strange stars and explosive phenomena such as supernovae and gamma-ray-bursts. 
I. INTRODUCTION
Under the hypothesis that the true ground state of nuclear matter is cold strange quark matter [1] [2] [3] [4] [5] it is likely that compact stars exist that are composed almost entirely of quark matter, the so-called strange stars. In turn, the birth of these stellar objects can be thought of as a decay of a metastable neutron star into a more bound configuration with a consequent huge release of energy, of the order of 10 53 erg. If released in a short time period, the fascinating possibility exists that this energy source is associated with the most extreme explosions of the Universe, i.e. supernovae (SNe) and gammaray-bursts (GRBs). The strange quark matter hypothesis could possibly be proven also by detecting the gravitational wave signal associated with the merger process of two strange stars as pointed out in recent simulations [6, 7] .
There are several issues related to the conversion process that have been investigated in the past. A first problem concerns the initial seed of strange quark matter which then triggers the conversion: Several studies have addressed the thermal and quantum nucleation of the first drop of quark matter, and different possible scenarios have been proposed [8] [9] [10] [11] [12] [13] [14] [15] [16] . A second and more complicated question concerns the time needed for the conversion of the whole star. In the first study addressing this issue [17] , a laminar conversion front was assumed with a resulting time needed for the conversion of up to 100s. Such a slow process would provide a very faint neutrino signal and thus not be relevant from the phenomenological point of view. On the other hand, it was pointed out and estimated that hydrodynamical instabilities can substantially increase the velocity of the conversion front [18, 19] leading to a regime, in most of the cases, of strong deflagration [20, 21] . In Ref. [21] , in particular, many different equations of state (including hyperons, color superconductivity and mixed phases) have been tested, also considering the effects of keeping the flavor composition of matter fixed during the combustion, and no case has been found in which the conversion is so rapid to turn itself into a detonation process. Also, the temperature inside the newly born star has been estimated with resulting central temperatures of the order of tens of MeV. Finally, a numerical study on this problem has recently provided more quantitative results on the conversion process [22] : Three-dimensional hydrodynamic simulations have been conducted under the hypothesis that the conversion of a hadronic neutron star into a strange quark star is a combustion process. The combustion turned out to be turbulent due to the growth of buoyancy instabilities. Turbulence enhances the burning velocity considerably, leading to short conversion time scales of a few milliseconds. Moreover, it has been found that, even if strange quark matter is absolutely stable, the hydrodynamic combustion process is not able to burn the whole neutron star; a sizable layer survives which then probably converts on a longer time scale.
Finally, a third problem that has never been addressed in detail concerns how the huge energy of the conversion process is emitted by the star. Clearly, the heat released by the formation of strange quark matter is dissipated via a strong neutrino emission, very similar to the emission of a protoneutron star. In this paper, starting from the hydrodynamic simulations of the conversion process, we compute for the first time the neutrino signal that is to be expected if a neutron star decays into a strange quark star (some simple estimates have been presented in [23] ). In particula,r we present results for the diffusion of the neutrinos inside the newly born quark star and the consequent cooling of the star. As expected, both the luminosity and the duration of the neutrino signal are very similar to the ones of protoneutron stars. The birth of a strange star is thus phenomenologically very relevant, because the corresponding neutrino signal could be detected by the presently available neutrino telescopes if it occurs close enough to our Galaxy. Moreover, the formation of strange quark matter in a magnetar could represent a possible extension of the so-called protomagnetar model of GRBs [24] which, as we will discuss, might be able to explain some recent puzzling observations of GRBs.
The paper is organized as follows: In Sec. II we discuss the equations of state (EOSs) adopted for nucleonic matter and for strange quark matter. In particular, we will consider EOSs for strange quark matter that allow us to obtain a maximum mass for cold and catalyzed stellar configurations compatible with the 2M ⊙ limit [25] . In Sec. III, we review the procedure adopted to simulate the conversion process as done in Ref. [22] , and we show the initial conditions for the neutrino diffusion calculations. In Sec. IV, we present and discuss the calculation of the process of diffusion of neutrinos within the newly born strange quark star. In Sec. V, after a discussion on the possible phenomenological implications of the process under study, we draw our conclusions.
II. EQUATIONS OF STATE
For the nucleonic matter EOS we use the table computed by Lattimer and Swesty (LS EOS) [26] , which is based on a liquid drop model. To be consistent with the observation of a two solar mass (see below) neutron star, we apply an incompressibility modulus of K = 220 MeV. For reasons discussed in detail in [22] , nucleonic matter EOSs of much higher stiffness, e.g. the relativistic mean field EOS by [27] , could not be employed, because they do not allow for exothermic combustion. For the strange quark matter EOS we use, as customary, the MIT bag model with the inclusion of the perturbative QCD corrections [28, 29] . For this work, we neglect the effects related to the appearance of diquark condensates, as in the color-flavor-locking phase, for instance [30] . A detailed study on this possibility will be important: A second order phase transition from unpaired quark matter to gapped matter could indeed take place in the astrophysical object that we are considering, possibly providing interesting signatures on the neutrino signal [31] . Also, the change of the chemical composition of the star during deleptonization could lead to first-order phase transition between different quark phases [32] . Concerning the free parameters of the quark matter model, the discovery of a 2M ⊙ compact star [25] has significantly reduced its parameter space as shown in [33] . We consider two sets of parameters, taken from [33] , both allowing us to reach a maximum mass for strange quark stars of 2M ⊙ . We fix the current mass of the strange quark to m s = 100 MeV, and we then consider B ficient of the µ 4 term in the pressure of the quark phase, respectively (µ is the quark chemical potential), as in Ref. [34] . While the two sets provide the same maximum mass, they correspond to different values of the energy per baryon of the ground state of strange quark matter: for set1 E/A = 860 MeV and for set2 E/A = 930 MeV; in turn, this implies that for set1 the EOS is soft and for set2 stiff. Indeed, these two sets of parameters lie on the two-flavor and three-flavor lines, respectively, in Fig. 1 of [33] . The EOSs are expressed as tables with the baryon density and the temperature as independent variables. Finally, the chemical potentials of quarks and electrons are fixed by the beta equilibrium conditions. Since our starting configuration is a cold and catalyzed neutron star, we fix to zero the chemical potential of neutrinos (see discussion in the following).
III. COMBUSTION SIMULATIONS AND INITIAL CONDITIONS FOR THE COOLING
To simulate the combustion process we adopt the scheme already used in [22] . We solve the Euler equations by using a well-tested grid code that employs a finite volume discretization, the so-called piecewise parabolic method [35] . In this code, the conversion is described in a discontinuity approximation meaning that the hadronic and newly converted strange quark matter is separated by a conversion front. This conversion front is modeled by using a level-set method [36] [37] [38] . Further references are given in [22] . In our simulations, general relativity effects are included only by using an effective relativistic gravitational potential based on the TolmanOppenheimer-Volkov equations. It has been estimated in Ref. [39] that general relativity effects and the rotation of the star could lead to qualitative differences in the combustion. Presently, a 3D hydrodynamic simulation including also the before-mentioned effects is computationally quite challenging, but it is of course an important outlook for our study.
The conversion process is triggered by a strange quark matter seed in the center of a hadronic neutron star. Numerically, at the start of the simulation a volume in the center is converted instantly; the conversion front subsequently propagates outwards as a deflagration wave. The initial, laminar conversion velocity is based on detailed flame calculations of [40] . Turbulent conversion velocities are calculated by means of a sophisticated subgrid scale turbulence model [41, 42] .
Except for the EOS for strange quark matter, we use exactly the same initial setup as in [22] . We simulate one octant of a neutron star in three dimensions and apply a resolution of 128 grid cells per dimension on a moving hybrid grid which provides optimal resolution in the regions of interest. This resolution is sufficient for our purpose, as was discussed in [22] , where also further details of our initial setup can be found. We have performed the simulations of the combustion by using the previously described strange quark matter and nucleonic matter EOSs and for two values of the mass of the initial neutron star configuration: 1.4 and 1.8M ⊙ .
In Fig. 1 , we illustrate the conversion process with snapshots taken at four different instants in time for a 1.4M ⊙ neutron star (set1). While the soft EOS obtained with set1 allows for a quite successful conversion of the star, for the stiff EOS obtained with set2, the requirement of having an exothermic process does not allow the combustion. The neutron star cannot be converted -at least within our framework.
In Fig. 2 , we show the results for the temperature profiles as a function of pressure obtained from the combustion simulations. At the center of the star the temperature reaches quite high values, 40 − 50 MeV, and it drops steeply at the interface between the burned material and the unburned one. Together with the numerical results, indicated by dots and boxes, in Fig.  2 we show parametrizations of the temperature profiles that we will use as initial conditions for the neutrino diffusion calculation. The parametrization reads T = aArctan((P −b)/c)+dP +e, where T and P are temperature and pressure, respectively, and the parameters a, b, c, d, e are obtained by fitting the numerical results (see Table 1 for their numerical values).
IV. COOLING OF THE STRANGE QUARK STAR
The combustion process lasts typically a few milliseconds. On the other hand, the diffusion of neutrinos occurs on typical time scales of the order of tens of seconds. It is therefore a reasonable approximation to consider the two processes separately: One can use the output of the combustion simulation as an initial condition for the diffusion simulation. The diffusion approximation, usually adopted for the study of the evolution of protoneutron stars, is based on the assumption that neutrinos are locally in chemical and thermal equilibrium with baryonic matter and that their motion is driven by the gradients of chemical composition and temperature within the star. This approximation is valid if the neutrino's mean free path is much smaller than the size of the star, which turns out to be the case in protoneutron star matter and also in the system we are studying here. Of course, a better but much more complex approach would be to use a Boltzmann transport code [43, 44] , which must be necessarily used in supernova simulations in which neutrinos propagate through very low density material in the outer layers of the progenitor star.
There is an important difference between protoneutron star matter and the matter after the combustion of a neutron star into a quark star. In the first case, apart from the high temperature, matter is also lepton rich (Y L ∼ 0.4), and one can define a flux of net lepton number which diffuses inside the star and drives the deleptonization. After this process the stellar matter will be in beta equilibrium. The energy flux driven by neutrinos determines instead the cooling of the protoneutron star (see the simulations of protoneutron star evolution within the diffusion approximation in Refs. [32, [45] [46] [47] [48] [49] [50] ).
In our case, before the combustion, the matter of the neutron star was already in beta equilibrium, and the formation of the quark phase leads mainly to a strong reheating of matter. We can thus assume that the most important process for the evolution of the newly born quark star is the diffusion of the neutrino energy and we will use only the diffusion equation associated with the transport of energy [69] .
An important point must be emphasized here: Within the hydrodynamical description of the combustion process, the conservation of the total lepton number is not imposed. The conversion indeed involves the beta stable nucleonic phase and the beta stable quark phase but the electron fraction in the nucleonic phase although small, Y e ∼ 0.1 at the center of the star, is much larger than the electron fraction within the quark phase (typically of the order of 10 −5 by using an estimate for the electron chemical potential to be µ e = m 2 s /4µ [30] ). In principle, to impose lepton number conservation, one would need to add another conservation equation to the hydrocode and use a table for strange quark matter with another independent variable, i.e. the electron fraction. Clearly, such a procedure would lead to a different initial condition for the diffusion calculation.
Let us discuss now the equations that we solve to simulate the diffusion process. Apart from the cooling of the star caused by neutrino diffusion, one has also to consider the readjustment of the structure of the star due to the decreasing of the temperature. In the standard procedure, the diffusion equation is coupled with the structure equations which provide, at each time step, the hydrostatic configuration of the star. The energy diffusion equation and the structure equations read [46] d dt where ǫ tot , n b , and P are the total energy density, baryon density, and pressure of matter, respectively, Γ = 1 − 2m(r)/r where m(r), is the gravitational mass enclosed within a radius r, a is the enclosed baryonic mass and e Φ = √ g 00 . The fluxes associated with the transport of energy by electron neutrinos and antineutrinos and muon and tau neutrinos and antineutrinos are:
∂ǫ νe ∂r (6)
where ǫ νe and ǫ νµ are the energy densities of electron and muon neutrinos, respectively , while λ ǫ,νe and λ ǫ,νµ represent spectral averages of the mean free paths of ν e and ν µ , respectively (the transport of ν µ and ν τ is treated as usual on the same footing).
To solve the equations previously introduced one needs, besides the initial condition on the temperature taken from the hydrodynamical simulations, the boundary conditions for the temperature at the center of the star and at the star's radius R. At r = 0, one imposes that the energy fluxes F ǫ,i vanish due to symmetry reasons. At the surface we assume, as in [46] , the neutrino radiation to stream off into vacuum and impose the following conditions on the values of the fluxes: F ǫ,i = βǫ i where β is a geometric factor which measures the degree of anisotropy of the radiation field at the surface. Values ∼ 0.5 are usually considered for this parameter [46, 48] .
Another important ingredient is of course the EOS.
Here a second main assumption for this calculation has to be done: The simulations of [22] have shown that, although in principle the whole star should convert into a strange quark star because of the hypothesis of absolutely stable quark matter, the combustion actually stops before the full conversion is reached. Most probably the conversion could go on via diffusion of strange quarks into the hadronic phase, as computed in [17] , and of neutrons into the quark phase, a process that probably is exothermic as pointed out in [51] . We here assume that the conversion was indeed complete and we use therefore only the EOS of quark matter for solving the diffusion equation. While introducing a layer of unburned nucleonic matter would not alter substantially the initial luminosity of the neutrino signal (at low densities the mean free paths of quark matter and nucleonic matter are both large and neutrinos are almost untrapped), the further conversion of the layer of the unburned material represents a source of energy which will necessarily prolong the neutrino signal. A model for the burning of the nucleonic material left after the hydrodynamical combustion would be needed. Finally, we must specify the neutrino mean free paths. As explained before, for the system we are investigating here, cooling is likely to be the most important process, while the deleptonization (or the releptonization) should be subdominant. Within this assumption the most important reaction between neutrinos and quark matter is the scattering of nondegenerate neutrinos whose inverse mean free path reads [52] 
where G F = 1.17 GeV −2 is the Fermi constant, E ν is the energy of the neutrino or antineutrino and µ i is the chemical potential of the particle involved in the scattering (up, down, or strange quarks). Here, instead of calculating the spectral averages of the mean free paths, we evaluate the mean free path at E ν = πT , i.e., at the mean energy of neutrinos in thermal equilibrium.
With this setup we can now numerically solve Eqs. (1)-(5) (see [32] for the discussion of the algorithm used). Results for the temperature profiles as functions of the fraction of enclosed baryonic mass (the enclosed baryonic mass a over the total baryonic mass M B ) are shown in Figs.3 and 4 for the 1.4 and 1.8M ⊙ cases, respectively. The initial temperature profile presents a steep gradient as resulting from the combustion simulations. This steep gradient leads, within the diffusion approximation we are adopting here, to a strong flux of heat which rapidly smoothes the temperature profile and after a few seconds the central temperature drops to half of its initial value. After ∼ 10s and ∼ 15s in the two cases, respectively, the star has reached a uniform temperature of about 1 MeV and neutrinos can freely stream within the star, the standard long term cooling sets in at this point. Notice that the higher the mass of the star, the longer the time needed to cool the star. The most important result of this paper is shown in Fig. 5 , where we display the total neutrino and antineutrino (summed over the flavors) luminosity as a function of time. The luminosity is calculated as [48] 
Starting with an initial value of ∼ 3 × 10 52 erg/s, it drops after 10 − 15s to 10 50 erg. The initial value of the luminosity is very similar to the typical values of protoneutron stars thus making the process studied here as interesting as protoneutron stars from the phenomenological point of view. The obtained signal lasts, however, shorter by a factor 3 − 4 than the protoneutron star signal (for which the luminosity of 10 50 erg is reached after about 60s). The shorter evolution is attributed to different aspects: i) The neutrino mean free paths in quark matter are larger than in nucleonic matter [52] , and ii) in protoneutron stars the deleptonization process mentioned before significantly contributes to the emission. This study represents a first estimate of the neutrino signal emitted after the conversion of a neutron star into a strange star. Clearly, more detailed studies with a better treatment of the neutrino transport, an EOS extended to nonbeta stable matter to include the lepton number conservation during the burning and its transport within the star after the formation of quark matter will improve the estimates. As explained before, the burning of the material left after the hydrodynamical combustion could represent an important source of energy which would then prolong the neutrino emission. In [53] one-dimensional hydrodynamic simulations of the combustion flame, including neutrino emission and strange quark diffusion have been conducted: It turns out that neutrino cooling can halt the burning interface. It would be interesting to extend these calculations by use of a three-dimensional hydrodynamic code. Finally, we note that there are substantial uncertainties in the models usually adopted for describing the high density nuclear matter equation of state. These affect the results displayed in Fig. 5 , which are to be taken as an order of magnitude calculation. It is, however, interesting to note that the estimate of the total energy released in the conversion, ∼ 10 53 erg, is consistent with other estimates obtained by using equations of state for nuclear matter including hyperons; see, for instance, [12] .
V. DISCUSSION AND CONCLUSIONS
From the previous results on the neutrino luminosities one can easily estimate the total energy released by the conversion process to be of the order of 10 53 erg. It is thus powerful enough to be compared with the energy released within the most violent and, to some extent, still mysterious explosions of the Universe, i.e., SNe and long GRBs. It is then clearly tempting to associate at least some of these explosions to the formation of a strange star (the first proposals about this connection were presented many years ago [54, 55] , see also the more recent Refs. [10, 56, 57] ). In particular, the formation of strange quark matter (regardless of its absolute stability) could provide an additional energy injection which triggers the explosion of core collapse supernovae [58] [59] [60] [61] [62] [63] . None of the presently available simulations could produce explosions for high mass progenitors (with masses larger than ∼ 20M ⊙ ), and the possible appearance of quark matter could help in solving this problem.
Apart from the energy released in the birth of a strange star, also the temporal delay with respect to the collapse of the progenitor star and the birth of the neutron star could possibly explain some of the puzzling observations connected to SNe and GRBs. In Ref. [54] a two-neutrino-burst scenario is proposed for the neutrino signal of SN1987A: the data of the LSD detector would indicate a burst of neutrinos that occurred ∼ 5 h before the well-known K2, IMB and Baksan neutrino events. The second burst, suggests the author, could be, for instance, associated with the birth of a strange star.
It is widely accepted that long GRBs are phenomena connected with the collapse of massive stars and that they are intimately connected to SNe. In some cases, a sizable temporal delay (ranging from hours to years) between a SN and the subsequent GRB was inferred from the data (see [10] ). In those cases the second explosive event, i.e. the GRB, could be associated with the conversion of a neutron star into a star containing quark matter as proposed in [10] .
The puzzling observations mentioned before (the LSD neutrino signal and the long time delay between SN and GRB) have been, however, under debate for many years and none of them is considered to be statistically robust. Therefore they do not provide a clear proof of the existence of quark matter in astrophysical systems. A more direct and clean analysis can instead be performed just by considering the light curves of the prompt emissions of GRBs: It seems again that, at least in some cases, after a first burst a second burst occurs which is delayed by up to hundreds of seconds with respect to the first [64] . Between the two bursts a quiescent time is present during which it is likely that the inner engine is not active. In [64] , by performing a statistical analysis using the sample of GRB light curves of the BATSE satellite, hints are presented in favor of the interpretation of long quiescent times as periods during which the inner engine is indeed dormant. A spectacular event of this type was recently detected by the Swift satellite [65] : The second burst is 11 min delayed with respect to the first one. Such a long quiescent time challenges popular models for the GRB inner engine, i.e., the collapsar model [66] and the protomagnetar model [24] . In [65] , the following scenario is proposed: The first burst is generated by a rapidly rotating magnetar, and the second burst is due to a delayed collapse of the star into a black hole (if enough mass accretes onto the magnetar, about 1M ⊙ ). Recent numerical simulations of the accretion induced collapse of a neutron star indicate, however, that these events could be sources of short GRBs instead of the long ones [67] . Here we speculate that those double bursts could be instead related to the conversion of a neutron star to a strange star. Within the protomagnetar model of long GRBs, the source of energy is provided by the rotational energy of the star and for the prompt emission, in addition to the spin down rate, also the neutrino wind released by the hot surface of the star is crucial: A high neutrino luminosity implies a large value for the mass loss rate which inhibits the mechanism at the origin of the gamma radiation. Only when the neutrino luminosity drops to a critical value, in the untrapping regime, is the prompt emission of the GRB realized. The strange star at birth could then, in principle, generate a new burst. The quiescent time would correspond, in this scenario, to the time needed to trigger the conversion process (for instance, because of the spinning down, the central density increases and at some point nucleation can start as computed in [68] ). A detailed numerical study of this possibility is an important outlook of this work.
Clearly, the main motivation of this paper is to show that the conversion process of a neutron star into a strange star generates a strong neutrino signal which is relevant from the phenomenological point of view. Being the first quantitative study in this problem, several assumptions had to be adopted. For studying quantitatively the phenomenological consequences of this process it is important to improve our calculation especially by introducing the chemical potential of electron neutrinos and the lepton number diffusion equation. Modeling the burning of the material left after the combustion would also be important for obtaining a better estimate of the duration of the neutrino signal.
Finally, testing our theoretical results by means of a direct neutrino detection is clearly very difficult: If such processes really occur in the Universe, their rate is probably significantly lower than that of core collapse SN events, therefore making a detection highly improbable. On the other hand, we have plenty of data on long GRBs: We have suggested that these data already contain some interesting information which would possibly indicate that strange quark matter is really formed in compact stellar objects.
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